Abstract. Numerical simulations in a simple atmospheric model show that a realistic extratropical tropopause structure, marked by a strong change both in meteorological variables such as lapse rate and in transport characteristics, may be achieved solely through the stirring effects of baroclinic eddies acting against a smooth thermal relaxation. The flow self-organizes to give a transport structure that has a sharp transition in the vertical. Below the transition level the eddies stir across entire isentropic surfaces. The transition level corresponds to the extratropical tropopause height. Above the transition level there is a midlatitude transport barrier, corresponding to the subtropical transport barrier in the real atmosphere, with eddy stirring on poleward and equatorward sides. Similar self-organizing mechanisms are likely to be relevant in the stratosphere and in oceanic flows.
Introduction
The tropopause is the notional boundary between troposphere and lower stratosphere and plays a crucial role in our understanding of dynamics and chemical transport in this region of the atmosphere [Holton et al., 1995; Mahlman, 1997] . The tropopause is conventionally defined as the level above which the rate of decrease of temperature with height, the 'lapse rate', does not exceed a threshold value, but it is also (and just as importantly) associated with a sharp transition in values of concentration of trace gases such as ozone. The climatological height of the tropopause as a function of latitude has often been explained as determined by convective adjustment to a radiatively determined temperature profile. However, radiative-convective adjustment models do not adequately explain the height of the tropopause in the extratropics and it has been suggested instead that the height is determined by the dynamical effects of 'synoptic-scale' baroclinic eddies [Held, 1982] . Here we describe numerical simulations with a model that represents only primitive-equation dynamics and does not include any representation of other physical processes that might lead to a distinct tropopause. The results show self-organization of the flow to give an extratropical tropopause with a realistic latitudinal structure and support the case that the baroclinic eddies play a major role in determining this structure in the real atmosphere.
Model
The model used is a (hemi-)spherical primitive-equation model [Hoskins and Simmons, 1975] . The model levels are evenly spaced at intervals corresponding to about 1km in geometric height, from the surface to 30km. The model uses a spectral representation in the horizontal and in the simulations reported here this was truncated at total wavenumber 170 (equivalent to a smallest resolved scale of about 100km). Frictional drag is included at the lowest level and a highorder damping is included in each of the evolution equations to inhibit the build up of structure at the smallest horizontal scales resolved by the model. The temperature equation in the model includes a term that relaxes the temperature field, on a time scale of 25 days, towards a relaxation temperature field Tr(φ, z), chosen as a smoothly varying function of latitude φ and height z. The area-weighted latitudinal average of Tr(φ, z) is given by T0(z) = 285K − 70K × tanh(z/10km). The φ-dependent part of Tr(φ, z) is in thermal-wind balance with a longitudinal velocity field, ur(φ, z), in solid-body rotation at a rate that increases linearly with height. No longitudinal inhomogeneity, e.g. through surface topography or surface heat fluxes, is imposed in the model.
The initial condition for each of the simulations to be discussed was taken as a state in which the temperature was equal to T0(z) and the velocity was zero everywhere. The relaxation term in the thermodynamic equation forces the system away from the initial state. However, the relaxation state with temperature field Tr(φ, z) and longitudinal velocity field ur(φ, z) is not attained, since it is unstable. Instead the system attains a forced-dissipative statistical equilibrium state in which there is an active, and apparently realistic, field of baroclinic eddies. The substantial differences between the statistical equilibrium state and the relaxation state are solely due to the dynamical effects of the eddies. Figure 1 shows the longitudinally averaged lapse rate (a) in the relaxation state and (b) for a single day in the statistical equilibrium regime. It may be seen that below about 300mb and poleward of about 45 0 the eddies increase the lapse rate (and hence reduce the static stability). This has the effect of increasing the vertical gradient of lapse rate just above this region, particularly at levels between 250mb and 350mb. In this sense the eddies have acted to form a tropopause. The tropopause seen in Figure 1b is not nearly as sharp as is observed in single station radiosonde ascents, for example, but this is to be expected since the structure of the simulated tropopause, as the real tropopause, is highly variable in longitude. Longitudinal averaging therefore has a strong smoothing effect.
Results
Modern views of atmospheric dynamics and transport stress the connection between the tropopause and the poten- (c) there is evidence of a transport barrier at midlatitudes. Note the smooth variation in latitude in (a), consistent with the idea that the spatial structure in (b) and (c) is due to self-organization of the flow rather than to any structure pre-existing in the relaxation state. Land-sea outlines are shown on the figure to give a sense of scale.
There is no land-sea contrast imposed in the model. tial vorticity field [Hoskins et al., 1985; Hoskins, 1991; Appenzeller and Davies, 1992; Holton et al., 1995] . Indeed the tropopause is often now defined in practice by a particular value of potential vorticity. Figure 1 has the longitudinally averaged potential vorticity field in (a) the relaxation state and (b) the statistical equilibrium regime superimposed as dashed contours. This shows that the eddies have led not only (1) to increased vertical gradients of potential vorticity at about 300mb and poleward of 50
• , corresponding to (a) shows a 'tropopause fold' structure, with high 'stratospheric' potential vorticity descending along a sloping potential temperature surface (not shown). There is evidence of strong potential vorticity gradients, both in the vertical, below the 'fold' and to the north of it, and in the horizontal, above the fold. Only the vertical gradients are also associated with sharp gradients in lapse rate. In (b) there are sharp gradients in lapse rate associated with the tropopause from about 40N to 65N, but then weaker gradients further poleward, where the potential vorticity gradient is predominantly horizontal.
the increase in vertical gradients of lapse rate, but also (2) to an increase in horizontal potential vorticity gradients at about 45
• and above about 300mb.
(1) and (2) together give a latitudinal structure that is very similar to that of the extratropical tropopause in the real atmosphere. Note that in the equilibrium state there is no distinct tropical tropopause. This is consistent with the idea that adjustment by cumulus convection plays a major role in forming the real tropical tropopause [Held, 1982; Holton et al., 1995; Thuburn and Craig, 1997] , since there is no representation of the convection in the model used here.
Potential vorticity is analogous to a long-lived chemical species in that it is transported by the flow. The process leading to (1) and (2) is transport of potential vorticity through stirring by the eddies. The stirring works against the thermal relaxation (which provides a large-scale forcing for the potential vorticity field). To good approximation the stirring is along potential temperature surfaces, which slope upward and poleward (Figure 1 ). The nature of the stirring process may be visualized by considering the potential vorticity field on potential temperature surfaces. The potential vorticity field in the relaxation state on the 330K surface, with a smooth latitudinal variation, is shown in Figure 2a. (The field has a similarly smooth variation on other surfaces.) In the statistical equilibrium regime (illustrated here by a single day) the dominant feature in the potential vorticity field on the 330K surface (Figure 2b ) is a sharp edge at midlatitudes. The potential vorticity field shows evidence of stirring both inside and outside the edge and of the edge itself acting as a partial barrier to transport. This picture is representative for all levels above about 310K. At these levels the structure of the tropopause in the numerical simulation, identified as the sharp edge, is consistent with the hypothesis that it forms as a 'potential vorticity erosion interface' [McIntyre and Palmer, 1984; James, 1994; Ambaum, 1997] analogous to the polar vortex edge in the winter stratosphere [Juckes and McIntyre, 1987] and to potential-vorticity fronts, and the associated jets, in simple forced-dissipative baroclinic flows [Panetta, 1993] .
Below 310K the stirring effect of the eddies becomes increasingly stronger as distance to the surface is reduced. As expected from a number of previous studies of twodimensional vortex dynamics [Legras and Dritschel, 1993] and of single-layer 'stratospheric' flows [Waugh, 1993] , the area inside the edge also reduces. The 300K surface is shown as an example in Figure 2c . At lower levels still -290K is shown in Figure 2d -it is difficult to argue for any coherent edge and the most satisfactory description of the flow is that the eddies stir potential vorticity across the entire extratropics.
The strongly inhomogeneous latitudinal and vertical structure of the stirring effect of the eddies on the potential vorticity field is strikingly (and objectively) shown by the equivalent length diagnostic [Nakamura, 1996] , shown in Figure  3 . High values of equivalent length correspond to a geometrically complex potential vorticity field and hence to strong stirring. Low values correspond to a geometrically simple potential vorticity field and weak stirring. Above about 310K there is a clear midlatitude minimum in equivalent length, corresponding to a transport barrier, with larger values on either side. The magnitude of the equivalent length, and hence the strength of the stirring, decreases with height. Below below about 300K, on the other hand, there is a single region of high equivalent length extending on each isentropic surface from the pole to the intersection with the ground at low latitudes. Similar variation has been found in equivalent length calculated from a passive tracer advected by isentropic winds from meteorological datasets [Haynes and Shuckburgh, 2000] .
Discussion
The height-latitude structure of the longitudinally averaged lapse rate and potential vorticity fields (Figure 1b ) may be explained in terms of the strongly inhomogeneous stirring properties of the eddies. These arise from the natural self-organization of the flow, since there is no corresponding strong inhomogeneity in the relaxation state Tr(φ, z) or the global average temperature profile T0(z).
At upper levels stirring is inhomogeneous in latitude with a midlatitude transport barrier. At lower levels there is stirring across the entire extratropical domain, with low values of potential vorticity brought to high latitudes and hence reducing longitudinal average values there. It is the fact that the transition from one stirring regime to another takes place over a shallow layer that leads to strong vertical gradients in potential vorticity at mid and high latitudes. This vertical transition in transport properties appears in a number of other geophysical flows, including simple baroclinic flows [Lee and Held, 1993] , the polar vortex in the lower stratosphere [McIntyre, 1995] and the Atlantic Ocean Gulf Stream [Bower et al., 1985] .
Our simulations suggest a definition of the tropopause in part as a transition level in transport regime and in part as a mid-latitude or subtropical transport barrier. Such a definition seems more fundamental and general than those based on particular values of lapse rate or of potential vorticity. Such a tropopause is naturally associated with abrupt changes in chemical species such as ozone. The spatial structure of the transport also determines the spatial structure of the potential vorticity field, as has been illustrated. According to the idea of potential vorticity inversion [Hoskins et al., 1985] , this in turn determines the spatial structure of other fields, such as the lapse rate. Thus in the longitudinal average fields shown in Figure 1 , the systematic increase in lapse rate (over that in the relaxation state) at low levels and high latitudes is due to the poleward transport of low potential vorticity. The potential vorticity field, and hence the structure of the tropopause, varies strongly in time and longitude, both in the real atmosphere and in the simulation reported here. Such variation is illustrated in Figure 4 through both potential vorticity and lapse rate fields. Figure 4a shows a 'tropopause fold' structure [Danielsen, 1968; Shapiro, 1980; Holton et al., 1995] where a thin sheet of high potential vorticity has moved downward and equatorward. Figure 4b shows a different longitude with a higher midlatitude tropopause. These examples show, as expected from the mathematical form of the potential vorticity inversion operator [Hoskins et al., 1985] , that sharp vertical gradients of potential vorticity may often be associated with sharp vertical gradients in lapse rate. The sharpness of the simulated features is limited by model resolution. Whether or not higher resolution alone, or the inclusion of realistic diabatic effects, is needed to obtain a tropopause as sharp as is sometimes observed in the real atmosphere remains to be determined.
Other simulations of the type reported above show that the height-latitude structure of the extratropical tropopause varies with external parameters such as rotation rate and pole-to-equator temperature gradient. As yet, however, there is no satisfactory theoretical model to predict this variation. The baroclinic-adjustment hypothesis, based on the assumption that the baroclinic eddies adjust the system to a state that is neutrally stable, has been suggested as one candidate [Held, 1982] . However, a recent investigation based on simulations in general circulation models (in which a number of complex physical processes such as radiation and convection, as well as dynamical processes such as baroclinic eddies, are represented) [Thuburn and Craig, 1997] has concluded that baroclinic adjustment theories are not adequate to describe tropopause variation. Any successful theory must surely take account of the strongly inhomogeneous transport properties of the baroclinic eddies that are evident in Figures 2 and 3. 
